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ABSTRACT

Objectives. New-onset postoperative atrial fibrillation (POAF) is a common complication after cardiac
surgery. The arrhythmia often entails a longer hospital stay, greater risk of other complications, and
higher mortality both short- and long-term. An investigation of the use of early atrial electrograms in
predicting POAF in cardiac surgery was performed. Design. In this prospective observational study, a
total of 99 consecutive adult patients undergoing coronary artery bypass grafting, valve surgery or
both were included. On the first postoperative morning, standard 12-lead electrograms (ECG), unipolar
atrial electrograms (aEG), and vital values were recorded. The outcome was new-onset POAF within
one month postoperatively. Results. Three multivariable prediction models for POAF were formed using
measurements derived from the ECG, aEG, and patient characteristics. Age, body mass index, and two
unipolar electrogram measurements quantifying local activation time and fractionation were strongly
associated with the outcome POAF. The performance of the POAF prediction models was assessed
through receiver operating curve characteristics with cross-validation, and discrimination using the
leave-one-out-method to internally validate the models. The cross-validated area under the receiver
operating characteristic curve (AUC) was improved in a prediction model using atrial-derived electro-
gram variables (AUC 0.796, 95% Cl 0.698-0.894), compared with previous ECG and clinical models
(AUC 0.716, 95% Cl 0.606-0.826 and AUC 0.718, 95% Cl 0.613-0.822, respectively). Conclusions. This
study found that easily obtainable measurements from atrial electrograms may be helpful in identify-
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ing patients at risk of POAF in cardiac surgery.

Introduction

Approximately one-fourth to one-third of all patients under-
going cardiac surgery develops new-onset postoperative
atrial fibrillation (POAF). These patients have a higher mor-
bidity and mortality than patients who do not suffer from
this postoperative arrythmia [1,2]. Efforts to predict and
reduce the incidence of POAF may improve patient out-
comes and reduce hospitalization costs. Furthermore, the
introduction of a routine risk score before the event would
lead to a targeted strategy to prevent this complication.
Because of the potential significant side effects of antiar-
rhythmic drugs, it is desirable to establish which patients
are at high and low risk of POAF.

Several studies have shown an association between patho-
physiological changes in the atria and the development of
POAF [3,4]. Well-known risk factors for POAF are atrial
enlargement and interstitial fibrosis, which may result in
delayed or slowed conduction or perhaps the blockage of

electric impulses [5]. One of the methods used to quantify
these properties of the atria, which is prone to POAF, is
electrocardiographic measurements. Both preoperative and
early postoperative measurements have been used for the
development of a predictive tool for POAF [6,7]. In particu-
lar, the variables derived from atrial functioning, e.g. P-wave
duration and left atrial enlargement (LAE), have been
shown to be potential predictors of POAF.

In an earlier study from our research group [7], we
showed that routine preoperative ECG variables (LAE, QRS
duration, and PR interval) together with age could be used
to identify patients at high risk of POAF. We aimed to
improve this model by adding variables derived from atrial
functioning as the variables associated with atrial enlarge-
ment served as the strongest predictors in the earlier study.
ECG measurements from temporarily placed epicardial pac-
ing wires can be used for the diagnosis of possible cardiac
arrhythmias [8]. It allows for the possibility of recording
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atrial electrograms (aEGs) from epicardial pacing wires to
aid in the differentiation between ventricular and supraven-
tricular arrhythmias in early postoperative care.

The present study aimed to investigate whether it is pos-
sible to predict early POAF after cardiac surgery from a
combination of patient characteristics and early postopera-
tive electrocardiograms derived from right atrial epicardial
pace wires. We hypothesized that specific atrial electrocar-
diogram measurements in combination with patient charac-
teristics are associated with an increased risk of developing
POAF after cardiac surgery and can therefore be used to
identify patients at high risk of developing POAF. A decisive
risk score for early prediction of POAF will allow clinicians
to make informed decisions on whether to initiate prophy-
lactic antiarrhythmic interventions.

Methods
Study design

The present study was conducted as a single-center pro-
spective, observational study and was performed in accord-
ance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments
involving humans. All measurements and recordings were
collected in the Department of Cardiothoracic Surgery and
the Cardiothoracic Intensive Care Unit at Aalborg
University Hospital, Denmark, which performs approxi-
mately 400 open heart surgeries a year. This study was
approved by the Institutional Review Board at Aalborg
University Hospital (ID No. 2019-92). Ethical approval for
this study was waived by The North Denmark Region
Committee on Health Research Ethics because of the obser-
vational nature of the study, where only routine measure-
ments were used.

Study data were collected and managed using the
REDCap (Research Electronic Data Capture) database
hosted at Region Nordjylland [9]. To reduce errors, double
entry of all of the data were performed.

Subjects

All adult patients undergoing cardiac surgery at our hospital
were screened from June 2019 to March 2020. The surgical
procedures were either coronary artery bypass grafting
(CABG), valve surgery, combined procedures as well as clo-
sures of atrial or ventricular septal defects. Patients were
excluded if they had preoperative atrial fibrillation (AF) at
the time of surgery, at the time of ECG recording, or had a
history of AF, a pacemaker or total dependence on external
pacing postoperatively, or the patient was placed in an ICU
bed without the required software installed in monitors.
Only the initial aEG and ECG recordings were used if
patients underwent reoperation due to bleeding or ischemia
during the same admission.

Most patients were discharged within six to seven days
postoperatively and were then booked for an outpatient
visit, including a 12-lead ECG, one month later.
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All patients were on continuous telemonitoring three
days postoperatively and for longer if the patient presented
with arrhythmic episodes. POAF was documented by AF on
the ECG. AF was defined as the absence of a P-wave and an
irregular rhythm on a 12-lead ECG regardless of the dur-
ation and whether the patient received treatment for POAF.

Clinical variables

Baseline characteristics and information regarding the surgi-
cal procedure, as well as possible events of POAF up to
30days postoperatively, were retrieved from the patient
records. Details on the surgical procedure and postoperative
events incl. POAF were registered by the surgeon respon-
sible for the treatment of the patient. The pre- and postop-
erative variables sex, age, hypertension (requiring medical
treatment), chronic pulmonary obstructive disease (defined
as the need for long-term use of bronchodilators and/or ste-
roids for lung disease), diabetes mellitus, dialysis, peripheral
vascular disease (either carotid occlusion > 50%, claudica-
tion, or amputation due to arterial disease), ejection frac-
tion, preoperative medication, body mass index (BMI),
alcohol and smoking habits, euroSCORE II [10], type of sur-
gery, use of cardiopulmonary bypass, and aortic cross-clamp
were collected because each has been described as a pre-
dictor of POAF in previous studies [11-14]. Routine quality
data checks for incorrect entries and missing values
were made.

Electrograms, ECG, and hemodynamic recordings

Four temporary epicardial pacemaker wires (TME T quadri-
polar, Osypka TME, Dr. Osypka GmbH, Rheinelden,
Germany) are routinely sutured to the heart at the end of
all cardiac procedures in Aalborg University Hospital. Two
wires are placed on the right atrium, and two wires are
placed on the right ventricle or one on the right ventricle
and one on the left ventricle, depending on the surgeon’s
preferences. The percutaneous pace wires can be connected
to a temporary external pacemaker if the patient’s hemo-
dynamic condition requires pacing assistance. Furthermore,
atrial wires can be used to record an aEG with augmented
P-waves when they are not used for pacing.

ECG recordings from these pace wires can be performed
by connecting two precordial leads (e.g. V1 and V2) to the
atrial wires or by adding two separate unipolar atrial wires
to the conventional 12-lead ECG. The latter method was
used in the present study. A 12-lead standard ECG and the
two atrial unipolar electrograms were recorded for least one
minute, and the most noise-free 10-s segment was selected
for analysis. All ECG recordings were performed using
Cardiosoft version 6.73 (GE Health care, Milwaukee, USA)
on the first postoperative morning (time of ECG recording,
t=0), while the patients were in the intensive care unit
(ICU). If the patient had an external pacemaker connected,
then it was paused during the recording. Simultaneously,
the hemodynamic parameters detected by the right heart
catheter (Swan-Ganz catheter; CCOmbo catheter, Edwards
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Figure 1. Experimental setup. Simultaneous recordings of hemodynamics, 12-lead ECG, and unipolar electrograms. Unipolar electrograms were recorded from tem-

porary pacing wires placed on the right atrium.

Lifesciences, Irvine, CA, USA) were recorded, when pos-
sible, with Vital Recorder [15]. Some intensive care beds did
not have this option; therefore, vital parameters were
recorded from the patient records.

The experimental setup is shown in Figure 1.

ECG parameters

Clinically obtained sinus rhythm ECGs were imported to
the GE MUSE Cardiology Information System (version 9.0)
and reanalyzed with 12SL analysis software (version 243; GE
Healthcare, Wauwatosa, WI, USA). The 12SL algorithm uses
all 12 leads to construct a median beat in each lead from
nonectopic P-QRS-T complexes and measures global inter-
vals from the earliest onset in any lead to the latest offset in
any lead as well as the lead specific intervals and amplitudes
in all 12 leads. A single investigator blinded to the outcome
(CG) manually overrode the fiducial points and corrected it
if necessary. The following ECG measurements were derived
from the 12SL algorithm and used in the present study: PR
interval, P-wave duration (Pdur), QRS duration, and left
atrial enlargement (LAE), which was defined as a P-wave
duration in lead II greater than 120 milliseconds (ms) or a
P-terminal force in V1 exceeding 40 mm x ms (Figure 2).

Electrogram parameters

Two unipolar electrograms recorded from the right atrium
were used to measure the two variables: local atrial activa-
tion time (uLAT) and the degree of fractionation (uFRAC)
of the electrograms (Figure 3). The stability over time of the
electrograms allowed for median electrograms to be
obtained and used for subsequent analyses. This is advanta-
geous because it eliminates small negative deflections caused
by noise while retaining the true deflections caused by
physiological properties. The local activation time was
manually measured in each unipolar lead as the duration
from P-wave onset to the steepest negative slope of the elec-
trogram that fell within the P-wave duration. The latest of
the two activation times was used to define uLAT.

Upon visual inspection, the degree of electrogram frac-
tionation was quantified by counting the number of negative
slopes, regardless of the magnitude, within the P-wave

LAE

P-wave duration in
lead Il > 120 ms

or
P-terminal force in V1

duration > 40 ms
depth > 1 mm

PR Interval

Longest PR interval

in any lead

QRS Duration

Longest QRS duration

in any lead
als
K—3

Figure 2. 12-lead ECG measurements. Measurement of the PR interval, QRS
duration, and left atrial enlargement (LAE) from the 12-lead ECG. LAE was
defined as a P-wave duration in lead Il > 120ms or a P-terminal force V1
greater than 40 mm x ms.

boundaries. An electrogram with a single negative slope was
categorized as a single nonfractionated electrogram, whereas
electrograms with more than one negative slope were cate-
gorized as fractionated (two negative slopes) or complex
fractionated (more than two negative slopes). The degree of
fractionation was assessed in both electrograms, and uFRAC
was defined as a dichotomous parameter that quantifies the
presence (more than one negative slope in either electrode)
or absence (a single negative slope in both electrodes) of
fractionation.
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Figure 3. Measurement of unipolar electrogram parameters from temporary
atrial pacing wires. In a healthy myocardium with little or no atrial structural
changes and wavefront barriers (i.e. fibrosis or scarring), unipolar electrograms
recorded from atrial pacing wires will have a single negative deflection without
fractionation. With more advanced atrial structural changes, the electrogram
will become fractionated, and the activation time indicated on the steepest
negative slope of the electrogram will occur later. Structural changes in the
atrium may therefore be reflected in the later atrial activation time on the elec-
trogram (uLAT) and likely on more fractionated electrograms (uFRAC).

Statistical analysis and prediction models for POAF

Continuous data are summarized as the mean values with
standard deviations. Categorical data are reported as counts
and percentages. Differences between groups were tested
using two sample t-tests and Fisher’s exact tests. Because we
were unsuccessful in identifying other studies using atrial
ECG data for predicting POAF, no formal sample size cal-
culation was performed.

All prediction models were univariable or multivariable
logistic regression models with POAF as the outcome. All
predictors were screened for linear or nonlinear associations
using fractional polynomials [16] and they were included in
the multivariate analysis when a p value < .2 was observed
in the univariate analysis. We sought an easy clinically
obtainable and reliable prediction model and used the com-
mon rule, which requires at least 10 events per variable,
thus restricting models to four variables at the most.

The following three multivariable models for the predic-
tion of POAF were produced: (1) a clinical model using
only clinical predictors of POAF, including age, sex, and
BMI (M1: clinical); (2) a combined ECG and clinical model
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using the PR interval, QRS duration, LAE, and age (M2:
ECG-clinical), as previously described by our group [7]; and
(3) a combined electrogram and clinical model using the
unipolar electrogram parameters uLAT and uFRAC,
together with age and BMI (M3: atrial-clinical). The three
models’ scores were calculated from a linear combination of
the three or four variables with no specific cutoff level for
the individual components of the model. Thus, the chosen
prediction models were an internal validation of two exist-
ing prediction models and a validation of a new potentially
improved model.

Assessment of the prediction model performance

Multivariable prediction models were evaluated using the
area under the receiver operating characteristic curve (AUC)
and cross-validated using the leave-one-out method. The
standard errors for the AUC were calculated with bootstrap-
ping with 5000 replications. The optimal threshold value
(cutoff point) for the best model was identified using the
Youden index [17], and the sensitivity, specificity, and pre-
dictive ability of the model were calculated. Analyses were
conducted using Stata/MP (version 16; StataCorp LP,
College Station, Texas).

Results

A total of 260 patients were screened, and among these, 161
were excluded from the study (43 had AF at admission, 53
were unstable/dependent on pacemakers, and 65 had logistic
obstacles). Among the 99 patients analyzed, 37 developed
postoperative AF (37.4%).

Patient characteristics and information about the surgical
procedures are shown in Table 1. The patients with POAF
were older and had a higher body mass index than those
without POAF. Although not all patients had a right heart
catheter at the time of the ECG recording, the available
results showed that only mixed venous oxygen saturation
(SvO,) reached significance and it was significantly lower in
the POAF group. The majority of patients who developed
POAF did so within three days of surgery (30 out of 37,
81%), and 89% of the patients who developed POAF were
identified within five days of the surgery. Patients who
developed POAF were treated according to surgeons’ deci-
sion. If POAF persisted after 46h OAC were initiated until
successful Direct Current-conversion.

Compared with those who did not develop POAF,
patients with POAF had, on average, a longer duration of
the P-wave and signs of left atrial enlargement (LAE) but
not a significantly longer QRS duration (Table 2). The atrial
electrogram parameters uLAT and uFRAC showed that the
patients who developed POAF had later atrial activation
times and were more likely to have fractionated electro-
grams (Figure 4).

In univariate regression analyses, age (OR: 1.08 (95%CI:
1.03-1.13), BMI (OR: 1.10 (95%CI: 1.01-1.21), P-wave dur-
ation (OR: 1.04 (95% CI: 1.01-1.07), LAE (OR: 2.57
(95%CI: 1.05-6.30), uLAT (OR: 1.04 (95%CIL: 1.01-1.07),
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Table 1. Descriptive characteristics of the patients.

No POAF POAF
n=62 n=37 p Value
Male, n (%) 42 (67.74) 31 (83.78) .100
Female, n (%) 20 (32.26) 6 (16.22)
Age, mean, year (SD) 60.8 (13.2) 70.3 (9.3) <.001
Comorbidities, n (%)
Hypertension 7 (59.68) 24 (64.86) 673
COPD 8 (12.90) 5(13.51) 1
Diabetes (NIDDM) 5 (8.06) 3(8.11) 1
Diabetes (IDDM) 0 (16.13) 2 (5.41) 201
Dialysis 2 (3.23) 0 527
Peripheral vascular disease 6 (9.68) 2 (5.41) .706
LVEF, mean (SD) 52.94 (1.27) 54.19 (1.71) 5524
Medication, n (%)
Beta blocker 2 (35.48) 12 (32.43) 829
Thrombocyte inhibitor 1 (50) 2 (59.46) 409
ACE inhibitor 6 (25.81) 11 (29.73) 816
Calcium antagonist 7 (27.42) 0 (27.03) 1
Oral anticoagulation 1(1.61) 1 (2.70) 1
Steroid 2 (3.23) 2 (5.41) 628
Statin 7 (59.68) 24 (64.86) 673
BMI (kg/mz), mean (SD) 26.24 (4.21) 28 (4.77) .0344
Alcohol consumption .180
0 units/week 4 (6.45) 0
<7/14 units/week for women/men 52 (83.87) 34 (91.89)
>7/14 units/week for women/men 6 (9.68) 2 (5.41)
Not given 0 1(2.7)
Smoking .897
No 5 (40.32) 17 (45.95)
Former® 0 (32.26) 11 (29.73)
Active 7 (27.42) 9 (24.32)
EuroSCORE II, mean (SD) 1.92 (2.54) 2.15 (1.92) 6377
Type of operation 231
CABG 0 (48.39) 14 (37.84)
Valve 3 (37.10) 12 (32.43)
CABG + valve 3 (4.84) 6 (16.22)
Other 6 (9.68) 5(13.51)
CPB(On-pump) 2 (83.87) 35 (94.59) 201
Aortic cross-clamp time (minutes), mean 63.61 (31.10) 75.06 (30.85) .0897
Postoperative ICU data, mean
SvO, (%) 68.63 (7.67) 65.49 (6.64) .0437
CO (L/min) 5.59 (1.63) 5.50 (1.14) 8211
Cl (L/min/m?) 3.23 (0.93) 2.81 (0.69) .0223
MAP (mmHg) 77.21 (11.22) 73.86 (9.93) 1377
SBP (mmHg) 119.13 (16.35) 119.57 (18.71) 9029
DBP (mmHg) 55.94 (10.72) 55.46 (8.60) .0971
MPAP (mmHg) 21.58 (7.16) 20.17 (5.24) 3104
PASP (mmHg) 27.47 (5.87) 27.93 (6.34) .7703
PADP (mmHg) 15.39 (5.10) 15.33 (5.25) 9664
CVP (mmHg) 11.95 (8.03) 10.53 (5.45) .3550

Notes: Continuous data are presented as the mean =+ standard deviation, and categorical data are presented as numbers
(percentages). COPD: chronic obstructive pulmonary disease; NIDDM: noninsulin-dependent diabetes mellitus; IDDM: insu-
lin-dependent diabetes mellitus; LVEF: left ventricular ejection fraction; ACE: angiotensin-converting enzyme; BMI: body
mass index; *Former smoker; stopped >1month prior to the day of operation; EuroSCORE: European System for Cardiac
Operative Risk Evaluation; CABG: coronary artery bypass grafting; CPB: cardiopulmonary bypass; SvO,: mixed venous oxy-
gen saturation; CO: cardiac output; Cl: cardiac index; SBP: systolic arterial blood pressure; DBP: diastolic arterial blood pres-
sure; MPAP: mean pulmonary artery pressure; PASP: systolic pulmonary artery pressure; PADP: diastolic pulmonary artery

pressure; CVP: central venous pressure.

and uFRAC (OR: 2.68 (1.12-6.39) were found to be inde-
pendent predictors of POAF (Table 3). As can be seen from
Table 3, multivariate analyses for the three prediction mod-
els showed that age, sex, LAE, uLAT, and uFRAC were
independent predictors of POAF.

Prediction models

The apparent best model for the prediction of POAF was
M3 using the atrial-derived electrogram parameters uLAT

and uFRAC, together with age and BMI (Figure 5 and
Supplementary Figure 1). This model had the highest ROC
area both with and without cross-validation as follows: AUC
0.796 (95% CI 0.698-0.894) and AUC 0.837 (95% CI
0.750-0.923), respectively (Table 4). Furthermore, calibra-
tion plots revealed a reasonable risk assessment of the M3
model (Supplementary Figure 1). Table 5 shows the ability
of the M3 model to predict the outcome POAF when calcu-
lated from the optimal cutoff point of the model
(cutpoint = —0.13585592). The M3 model had a sensitivity
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of 73% with a cutpoint determined by maximizing the
Youden index. As shown in Figure 5, the sensitivity of 73%
would correspond to a specificity of approx. 60-65% for
M2, whereas we have calculated a specificity of 80.6% for
M3. Although the M3 model seemingly had a higher AUC
score, it performed in a statistically similar matter to that of
the ECG-clinical model combining the PR interval, QRS
duration, LAE and patient age and the model using only the
clinical measurements of age, sex, and BML

Discussion

The present study found that variables derived from atrial
electrograms together with age and BMI in a prediction
model increased its ability to predict POAF. The two predic-
tors, uLAT and uFRAC, were both strongly associated with
the development of POAF, and they may therefore act as

Table 2. Electrocardiogram and atrial electrogram parameters.

No POAF (n=62) POAF (n=37) p Value

ECG

PR, ms (SD) 168.5 (27.2) 173.4 (32.1) 4231

Pdur, ms (SD) 1088 (13.6) 117 (14.3) .0061

LAE, % 3(21) 5 (41) .042

QRS, ms (SD) 97 7 (22.4) 103 9 (19.8) .1636
aEG

uLAT (SD) 38.2 (14.3) 47.8 (16) .0029

uFRAC, % 28 (45) 25 (68) .049

Notes: Data are presented as the mean + standard deviation (SD) or as a count
and percentage. Pdur: P-wave duration; LAE: left atrial enlargement (see
Figure 2 for the ECG parameter definition); uLAT: unipolar local activation
time; uFRAC: unipolar fractionation (see Figure 4 for the electrogram param-
eter definitions).
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indicators of the underlying structural atrial changes, poten-
tially related to increased fibrotic myocardial tissue in the
atria. A strong relationship between atrial remodeling due

Table 3. Univariable and multivariable regression analyses for odds of postop-

erative atrial fibrillation using the variables in the M1, M2, and M3 models.

Variable Univariable OR (95% Cl) p Value
Clinical
Age 1.08 (1.03-1.13) .001
Sex 2.46 (0.88-6.85) .085
BMI 1.10 (1.01-1.21) .038
ECG
PR, ms 1.01 (0.99-1.02) 419
Pdur, ms 1.04 (1.01-1.07) .009
LAE, % 2.57 (1.05-6.30) .039
QRS, ms 1.01 (0.99-1.03) 167
Atrial electrogram
uLAT 1.04 (1.01-1.07) .006
uFRAC, % 2.68 (1.12-6.39) .026
Variable Multivariable OR (95% Cl) p Value
M1: age, sex, BMI
Age 1.09 (1.04-1.15) .001
Sex 3.71 (1.16-11.82) .026
BMI 1.09 (0.98-1.21) a1
M2: age, PR, QRS, LAE
Age 1.09 (1.04-1.16) <.001
PR 0.98 (0.97-1.00) 136
QRS 1.02 (0.99-1.04) 144
LAE 4,06 (1.27-12.97) .018
M3: age, BMI, uLAT, uFRAC
Age 1.10 (1.04-1.16) .001
BMI 1.10 (0.97-1.24) 123
uLAT 1.05 (1.02-1.09) .003
uFRAC 4.39 (1.50-12.81) .007

potential (f=1)

Abbreviations: BMI: body mass index; Pdur: P-wave duration; LAE: left atrial
enlargement (see Figure 2 for ECG parameter definition); uLAT: unipolar local
activation time; uFRAC: unipolar fractionation (see Figure 4 for electrogram
parameter definitions).

POAF

P-wave
| |
| I
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|
|
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|
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| I
* Local
activation
time

Figure 4. Examples of the configuration of the electrograms depending on the outcome POAF. The figure shows how the variables local activation time (uLAT)

and fractionation (uFRAC) were calculated.



384 L. FEILBER GRASMUSSEN ET AL.

1.00

1

0.75
1

Sensitivi
0.50 B

1

0.25

0.00

0.25

o
p=gil
<)

T
0.50

0.75

1-Specificity

M3:aEG-Clinical, AUC 0.837
M1 :Clinical, AUC 0.748

M2:ECG-Clinical, AUC: 0.762
Reference

1.00

0.75
1

Sensitivi
0.50 2

0.25

0.00

T

0.25

o©
=
)

T
0.50

T T

0.75

1-Specificity

M3:aEG-Clinical, AUC 0.796
M1:Clinical, AUC 0.718

M2:ECG-Clinical, AUC 0.716
Reference

Figure 5. Receiver operating characteristic curves for multivariable POAF prediction models. The best prediction model for POAF was the atrial-clinical model using

the atrial electrogram parameters uLAT and uFRAC, together with age and BMI. (A)

Table 4. Area under the curve for the prediction models.

AUC [95% CI]

Clinical model:

Model 1: age, sex, BMI 0.748 0.646 0.849

With cross-validation 0.723 0.623 0.823
ECG-clinical model:

Model 2: PR interval, QRS-dur, LAE, age 0.762 0.658 0.866

With cross-validation 0.716 0.607 0.825
Atrial ECG-clinical:

Model 3: age, BMI, uLAT, uFRAC 0.837 0.750 0.923

With cross-validation 0.796 0.698 0.894

Abbreviations: AUC: area under the curve; BMI: body mass index; Cl: confi-
dence interval; ECG: electrocardiogram; QRS-dur: QRS duration; LAE: left atrial
enlargement; uLAT: local activation time; uFRAC: presence of fractionation of
the electrograms.

to aging (used here as a measure of the left atrial size) and
POAF has been reported the literature [5,18].
Comparisons of the present findings with those of other

in

Model without cross-validation. (B) Model with 10-fold cross-validation.

studies confirmed that advanced age and BMI are independ-
ent predictors of POAF.

POAF is the most common complication after cardiac
surgery, and it is most likely related to a combination of
predisposing factors as well as reactions to the surgical pro-
cedure. The pathophysiology behind the development of
POAF has not been fully established, but an increasing
number of studies have confirmed that structural and elec-
trical changes can be detected in patients prone to
POAF [19-22].

The variables used in the prediction model developed in
the present study are easy to collect in daily routines
involved in patient care. The atrial-derived measurements
used in the prediction model are applicable even when the
temporary electrodes are not placed in the exact same place
on the heart. This is because obstructive barriers to
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Table 5. Sensitivity, specificity, and other characteristics of the M3 atrial-clinical model with an estimated optimal cut-

off point.

True incidence of POAF

Outcome of M3: atrial-clinical Positive Negative Row total

Positive 27 (TP) 12 (FP) 39 (TP +FP)
Negative 10 (FN) 50 (TN) 60 (FN +TN)
Column total 37 (TP +FN) 62 (FP+TN) N=99 (TP + TN+ FP +FN)

Accuracy: (TP +TN)/(TP +TN + FP + FN) = 78%
Sensitivity: TP/(TP 4+ FN) = 73%

Specificity: TN/(TN + FP) = 80.6%

Positive predictive value: TP/(TP + FP) = 69.2%
Negative predictive value: TN/(TN + FN) = 83.3%

TP: true positive; FP: false positive; TN: true negative; FN: false negative.

wavefront propagation, such as fibrosis in the atria, most
often are not localized to a single focal point but instead are
more diffuse and thus cover the entire epicardial surface. It
is also unlikely that fractionation was caused by wavefront
collision or irregular re-entries in the atria because the
morphology of the P-waves indicates a regular
sinus rhythm.

This study supports evidence from previous observations
of electrocardiographic measures for the prediction of
POAF. Chandy et al. [23] found an association with
increased P-wave dispersion and POAF. Gu et al. [7]
showed a good predictive value of different ECG parameters
in combination with the clinical characteristics of patients
for predicting POAF with an AUC of 0.780 (0.696; 0.865).
We observed a similar AUC in our population (AUC 0.716
(0.606;0.826) with the same model, but a larger AUC
(0.837) was obtained for the model including atrial electro-
grams. Thus, compared to earlier prediction models of ECG
parameters, the measured AUC for the model with atrial-
derived variables in this study was significantly higher
[22,24,25], and thus it appears that the use of electrograms
adds value to POAF prediction. Of note, we did not find a
significant difference for the type of surgery or the duration
of the QRS interval, which contradicted previous stud-
ies [7,26].

Hemodynamic parameters (particularly pulmonary capil-
lary wedge pressure and pulmonary artery systolic pressure)
have been previously reported to be useful for the prediction
of POAF [27]. We included variables from the Swan-Ganz
catheter in the preliminary screening but could not confirm
the earlier reported association.

Prediction of POAF with ECG and electrogram measure-
ments might help identify the proportion of patients at high
risk of POAF, who then can be targeted with prophylactic
measures. A recent systematic review found that the use of
beta blockers, sotalol, amiodarone, and atrial pacing reduces
the rate of POAF after cardiac surgery [28]. Due to the
potential side effects of these medications, which include
hypotension, prolongation of the QT interval, and bradycar-
dia, a more targeted strategy is necessary to avoid their
application to patients not at risk. The calculated Youden
index offers the best possible sensitivity and specificity in
this specific model. In a clinical setting, however, the model
should be adjusted to achieve a higher positive predictive
value to offer patients over a certain threshold prophylactic
medication early on.

Limitations

There were several limitations to this study. Due to the
small sample size, the following results may have occurred:
(1) overfitting of the model, which was not captured in the
cross-validation; (2) selection bias, in which the most
comorbid/complicated procedures/patients were excluded
from evaluation and furthermore, that only two ICU beds
had the software installed in the monitors enabling the
recording of data; and (3) distortion of the data due to dif-
ferent procedures in both elective and acute patients. Most
likely, the ECG and electrogram characteristics in patients
with chronic valvular lesions will differ from those in
patients with coronary artery disease with regard to atrial
remodeling and ventricular dysfunction and it may be
advantageous to study the prediction model in patients
undergoing the same type of surgery. Furthermore, there
may be patients with incidents of POAF not captured via
early postoperative telemetry or after discharge, which could
underestimate the incidence rate of POAF. However, the
composition and incidence of POAF are probably applicable
to most cardiac surgery centers and we have no reason to
believe that the patients were systematically excluded
because of the availability of the software in the monitors,
and hence skew the applicability of the risk score.

Although the present study must be viewed as a hypoth-
esis-generating study that requires further validation studies,
these results suggested that atrial-derived electrogram
recordings may be of assistance in predicting POAF.
Additional studies with larger study populations are neces-
sary to test and externally validate the model.

Conclusion

We demonstrated that measurements from atrial electro-
grams may be helpful in identifying patients at risk of
POAF in cardiac surgery. Further studies are needed to val-
idate the use of the prediction model before implementation
in a clinical setting.
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